Introduction
Chromosome 16q is a region of the genome associated with copy number abnormality and loss of heterozygosity in prostate cancer as well as carcinomas of many other tissue types. Several regions at distal 16q have been implicated as having a role in prostate cancer, these include 16q23.2 and 16q24.3 through allelic loss (Strup et al., 1999; Verhage et al., 2003) and 16q23 through familial association studies (Paris et al., 2000) . In addition, both chromosomal comparative genomic hybridization (CGH) and genomic microarray CGH have detected loss of distal 16q at a high frequency in prostate tumors (Chu et al., 2003; Paris et al., 2003) . More importantly, loss of 16q24 has been seen to be associated with metastatic prostate cancer, implying a specific function for the gene or genes driving genomic loss in this region (Elo et al., 1999; Matsuyama et al., 2003) . Candidate tumor suppressor genes mapping within distal 16q include WWOX at 16q23.1 (Bednarek et al., 2001; Paige et al., 2001 ), WFDC1 at 16q24.1 (Rowley et al., 1995) , CDH13 at 16q24.2 (Toyooka et al., 2001) , and CBFA2T3 at 16q24.3 (Kochetkova et al., 2002) ; however, none of these have been shown to have altered structure or expression in prostate cancer.
Prostate tumors are morphologically heterogeneous, and areas of different tumor grade are commonly seen to be intimately associated with the areas of normal stroma. An accompanying genetic heterogeneity has been demonstrated, which goes some way to arguing for a multifocal origin of prostate tumors and explains to a certain extent why identifying tumor-associated genetic change has been a difficult task in this organ (Ruijter et al., 1999) .
We have taken a two-step approach to elucidating the identity of the genes on 16q with potential involvement in prostate cancer. First, we constructed an array comprised of 326 BAC, PAC and cosmid clones mapped to chromosome 16q by DNA fingerprinting and mapping of end sequences (Han et al., 2000; Paige et al., 2000) . The position of each clone relative to the human genome assembly (Ensembl Sept 2002) is known so that analysis of the underlying sequence is straightforward. We have used this array for CGH with DNA from 14 microdissected prostate tumors: nine high grade (Gleason score 8-10), two intermediate grade (Gleason score 7) and three low grade (Gleason score 6 or less) and two prostate tumor metastases, all known to have some 16q loss by whole genome array CGH. Multiple regions of recurrent deletion at 16q23-qter were defined within the tumors, and all known genes and ESTs that lay within these regions were identified. Second, we interrogated expression microarray data from four independent studies of prostate tumors (Dhanasekaran et al., 2001; Luo et al., 2001; Magee et al., 2001; Welsh et al., 2001) , to obtain expression profiles for the genes that localized to recurrent chromosomal deletions. In total, 10 genes that co-localized with regions of genomic loss were found to have reduced expression in prostate tumors. The expression of each of these genes was measured in matched normal and malignant prostate tissue from 13 patients using quantitative RT-PCR. We also measured the relative expression of WFDC1, already known to be a prostate cancer growth suppressor (Rowley et al., 1995) , which maps within a common deleted region of 16q24 but for which there was no available expression data. Using this combined approach we have identified six candidate tumor suppressor genes in this region whose expression is consistently and significantly reduced in prostate cancer: WWOX, MAF, WFDC1, FOXF1, MVD, and the predicted novel transcript Q9H0B8.
Results

CGH analysis
In order to refine the regions of loss observed on chromosome 16q in prostate cancer we have used a high-resolution contig array of human chromosome 16q incorporating 326 BAC, PAC, and cosmid clones precisely mapped to the human genome assembly. The contig spans 45.3 Mb, with 78% coverage. Regions of the contig with a paucity of clones are indicated by brackets in Figure 1a . The array was optimized using the average log 2 ratio of four control hybridizations with normal XX and normal XY lymphocyte DNA (Figure 1a ). Clones for which the average log 2 ratio plus 2 standard deviations over four XX vs XY hybridizations was greater than 0.3 were eliminated from the analysis (81 clones). The high level of noise observed in the log 2 ratios of these clones is due, in part, to the high level of intra-and interchromosomal duplication that occurs on 16q. Regions of the genome with high repeat content or with strong sequence similarity to other loci have been shown by others to be intractable by high-resolution chromosomal CGH (Buckley et al., 2002) . Using the sequence visualization tool Genome Cryptographer we observed that the region of poor hybridization at 78.93-80.79 Mb (Figure 1a , region 4) contains a 287 kb intrachromosomal duplication, and the second region of poor hybridization at 71.95-73.41 Mb (Figure 1a region 3) contains three highly represented pseudogenes (25-41 copies). Genome Cryptographer analysis is presented in the supplemental data (http://shark.ucsf.edu/Bstas/ Viv/watson_et.al.2003.html) . This is compared to two regions that hybridize consistently well, which contain one small interchromosomal duplicon of 45 kb ( Figure 1a , region 2) and three low copy number pseudogenes (4-7 copies) ( Figure 1a, region 1) .
To test the capability of the array to detect homozygous loss we performed CGH with DNA from the cell line HCT116, which has a well-defined 210 kb homozygous deletion at 16q23 (Paige et al., 2000) . Log 2 ratios of À1.31 and À1.32 were seen with two PAC clones that lie within the homozygous deletion. That any HCT116 DNA hybridized to these PAC clones is likely due to incomplete suppression of the high level of Alu repetitive elements found in this region, under our hybridization conditions (Ried et al., 2000) .
DNA isolated from fresh-frozen or paraffin-embedded tumors was hybridized onto the array in competition with normal XY DNA. We analysed 16 tumors: 11 high grade with a combined Gleason score of 8 or more, including two hormone refractory tumors and two metastases; two intermediate grade (Gleason 7); and three low-grade tumors (Gleason 6). The two metastases were the only samples that were formalin fixed and paraffin embedded. DNA extracted from these samples had been demonstrated previously to give good results with CGH to metaphases (van Dekken et al., 2000) and to a whole genome scanning microarray (Paris et al 2003) . The fresh-frozen tumors were dissected without using a microscope, and therefore some attenuation of tumor-specific signal with that from normal tissue was expected in these cases. However, through a combination of conservative designation of areas of pure tumor tissue and careful use of the scalpel, we were confidant that the level of contamination was within the detection limits of CGH array hybridization, previously set at 30% (Hodgson et al., 2001) .
All the tumors had been preselected for analysis as having genomic loss at 16q23qter through hybridization to a whole genome scanning array (manuscript in preparation). Tumors with decreased copy number of the whole arm of 16q relative to the rest of the genome detected by the scanning array (2/20) were not included in this study.
A consistently high degree of concordance between the high-resolution 16q array data and the genome scanning array was seen and is illustrated in Figure 1c where data from the two CGH arrays for one sample are superimposed. Thresholds for significant gain or loss of a particular clone (log 2 ratio of oÀ0.26 or 40.26) are shown with a dashed line. From this example it can be seen that the high-resolution array of 16q was able to define much more precisely the regions of loss in these tumors compared to the 2400 element whole genome array. We found that the quality of high-resolution array CGH data from formalin-fixed, paraffin-embedded samples was just as good as that obtained using DNA from frozen samples, indicating that DNA from specimens preserved in this way is not inherently difficult to work with. Figure 2 shows the frequency of gains and losses across 16q for all 16 tumors. In total, 15 separate regions of copy number loss seen in 430% of tumors were delineated (Table 1 and Figure 2 ). Three regions of copy number gain were also observed in 430% of tumors but these were not pursued further. We analysed the sequence of the BAC clones at the regions of loss at 16q23.1-qter to identify all known and predicted genes.
Expression array data mining
In an analysis of published data from four independent studies of gene expression in prostate tumors (Dhanasekaran et al., 2001; Luo et al., 2001; Magee et al., 2001; Welsh et al., 2001) , we obtained all available expression data for genes and ESTs mapping to chromosome 16q. The four studies utilized two different expression array platforms, and between them had data on 273 unique targets on 16q (Table 2) . Through a meta-analysis, these datasets had previously been shown to share significantly similar results independent of the method and technology used (Rhodes et al., 2002) . A total of 68 tumors with combined Gleason scores ranging from 5 to 9 were analysed in these expression studies. Within each study the average expression (a median centered log base 2 value) for each gene was calculated across all of the tumors. We identified a subset of 10 genes that showed downregulation of expression in at least one of the studies, and that co-localized to a region of recurrent genomic loss at 16q23.1-qter. These were: WWOX, MAF, PLCG2, CDH13, NOC4, ICSBP1, FOXF1, MVD, FANCA, and Q9H0B8 (RefSeq gene (Table 1 ). An additional gene, WFDC1, was selected that mapped to a region of consistent loss but for which no expression data were available. WFDC1 protein has previously been shown to suppress the growth of the prostate cancer cell line PC3 (Rowley et al., 1995) , and was therefore considered to be a good candidate. 
Quantitative expression analysis
Quantitative expression analysis for 11 candidate genes was carried out using an RT-PCR TaqMan assay. For this study, RNA was isolated from microdissected matched tumor and benign tissue from an independent cohort of 10 prostate cancer patients. In addition, we analysed RNA from matched pairs of tissue from three patients from which DNA had been concurrently extracted and analysed by 16q array CGH. The total sample set comprised five high-grade tumors (combined Gleason score of 8-10); one intermediate-grade tumor (Gleason 7) and seven low-grade tumors (Gleason 6 or less). Only those samples that showed consistent patterns of expression relative to two reference genes were used. Expression levels were calculated relative to the reference gene GUS. The expression of each gene in each tumor and matched normal sample is plotted in Figure 3 . Using both a matched pair t-test and a Wilcoxon matched pairs test, six out of the 11 genes analysed were shown to be significantly downregulated in the tumor samples relative to the adjacent benign tissue. These were WWOX, MAF, WFDC1, FOXF1, MVD and predicted gene Q9H0B8. Although there were only three cases for which there was CGH data, each gene that showed decreased genomic copy number in the tumor had reduced expression in the tumor in each case. Interestingly, in these three cases, some genes (MAF, WFDC1 and CDH13) showed reduced expression even when normal copy number was observed, suggesting an alternative mechanism of transcriptional attenuation in these cases. The number of cases studied here was too small to correlate expression differences with tumor grade.
Discussion
New technologies have enabled a large amount of data to be generated very quickly when studying the expression profiles of cancer cells. However, when searching for those genes that are specifically involved in the disease process, one can be overwhelmed with candidates. It has been known for many years that 16q23-ter loss is associated with prostate cancer and other carcinomas, but this region of the genome is gene rich and contains a common fragile site, both of which compound the complexity of identifying the specific genes associated with cancer through positional cloning methods. In an attempt to overcome these problems we adopted the combined approach described here. We created a high-resolution genomic microarray and used it to define more precisely regions of 16q genomic loss in prostate tumors. We then interrogated previously published expression array data to find genes in these regions that show downregulation across a broad spectrum of prostate tumors. Finally, we tested these candidates using quantitative RT-PCR to measure their expression in a separate cohort of matched tumor and benign prostatic tissue. High-resolution genomic microarray analysis of 16 prostate tumors known to have loss at 16q defined a region of loss of at least 250 kb within the distal 22 Mb of the chromosome in all the tumors. Six out of 11 candidate genes mapping within this interval tested by quantitative RT-PCR were significantly downregulated in 13 prostate tumors compared to their adjacent benign tissue. Two of these genes, WWOX and WFDC1, have been previously demonstrated to have a tumor growth suppression effect; WWOX on the anchorage independent growth and in vivo tumorigenicity of breast cancer cell lines (Bednarek et al., 2001 ) and WFDC1 on the growth of a prostate cancer cell line (Larsen et al., 1998) . A further one of the candidate genes, MAF, is a transcription factor which binds the promoter of p53 and regulates its expression (Hale et al., 2000) . A role for the other candidate genes has yet to be established in cancer, although we can speculate how they might be involved. FOXF1 is a forkhead transcription factor shown to be important in the hedgehog signaling pathway in embryonic development (Mahlapuu et al., 2001) , and MVD (mevalonate pyrophosphate decarboxylase) is part of the cholesterol biosynthesis pathway required for prenylation of many proteins including Ras, a modification that is essential for protein function (Wadhwa et al., 2003) . Deregulation of either of these genes will likely affect these important cellular pathways that may, in turn, impact upon the maintenance of normal prostate cell growth.
Q9H0B8 is an anonymous EST that we have identified as a novel candidate tumor suppressor gene in prostate cancer. It shows very high levels of expression in benign prostatic tissue accompanied by significantly decreased expression in matched tumor tissue, making it a potentially powerful biomarker for malignant disease or a target for novel therapeutics. Q9H0B8 encodes a predicted protein of 497 amino acids that shows 59% identity over 400 amino acids with the CocoaCrisp protein (NP_113649). Both these proteins are cysteine-rich and contain an SCP domain, making them part of the large CRISP (cysteine-rich secretory protein) family that function in some vertebrates as venoms and toxins (Smith et al., 2001) . CRISP proteins Figure 3 Quantitative expression analysis of candidate genes. Expression relative to the reference gene GUS is shown for each candidate gene in 'n' paired samples of benign and malignant prostatic tissue (indicated by diamonds and triangles respectively). Expression of the candidate gene Q9H0B8 is shown on separate axes due to the greater level of expression of this gene. Significance values were calculated using a matched pair t-test aCGH and expression analysis of 16q in prostate cancer JEV Watson et al 1-3 are expressed primarily in the male genital tract and are thought to mediate cell-cell interactions with other cells during sperm maturation or during fertilization (Giese et al., 2002) . Downregulation of Q9H0B8 expression may therefore be a marker for de-differentiation of prostate cells. Mutation analysis and transfection studies will help to elucidate the function and growth suppression capabilities of all these candidate genes.
The common fragile site FRA16D lies at (16q23.2), which corresponds approximately with the point along the chromosome arm at which a transition to frequent high level losses occurs, suggesting that the fragile site maybe involved in the mechanism of loss and rearrangements seen at 16q in many tumors (Ried et al., 2000) . In particular, translocations that involve the nearby MAF gene have been observed in multiple myeloma (Chesi et al., 1998) and homozygous loss at the WWOX locus, lying right at the fragile site, has been seen in multiple tumor types (Paige et al., 2000) . Indeed, it has been argued that rearrangement of 16q is a consequence of generalized genomic instability that accompanies cancer progression. However, we have observed discrete regions of loss distal to FRA16D in many of the prostate tumors, indicating independent breakpoints and selection for loss of multiple genes. Also, in the three cases for which we have CGH analysis and quantitative expression data from the same tumor, we have observed that downregulation of our candidate genes is not necessarily accompanied by genomic loss, suggesting an independent selection pressure for a reduction in expression of tumor suppressor genes in prostate cancer. In addition, observations from whole genome CGH analysis of 10 high-grade and 10 lowgrade tumors did not indicate an association of 16q loss with a general increase in genomic rearrangement (manuscript in preparation), strengthening the argument that loss of part or all of chromosome 16q is a cause and not simply a consequence of cancer progression.
Overall, we have demonstrated that determination of regions of genomic deletion in tumors through high-resolution array CGH in combination with large-scale expression microarray data can be a powerful tool for the identification of candidate tumor suppressor genes. By applying this method for 'structural genomic filtering' of expression microarray data we have extracted specific and relevant data that may otherwise have taken much longer to identify or potentially even have been missed, and have pinpointed novel candidate genes that may be of relevance in many carcinomas.
Materials and methods
Tissues and patient resources
Prostate tissue (primary tumor and benign) was collected from 22 patients during radical prostatectomy and from a further two patients with local recurrence via transurethral resection of the prostate (UCSF, CHR Approval number H5664-06255-13). DNA from formalin-fixed paraffin-embedded tissues of a bone metastasis and a regional lymph node metastasis were obtained from Erasmus Medical Center, Rotterdam, Netherlands (Paris et al., 2003) . All tissue specimens, except those that were paraffin embedded, were frozen at À201C in OCT mounting medium (TissueTek, Sakura, Japan) immediately after retrieval from the operating room and stored at À801C until used. For each frozen patient specimen, the tissue of interest (tumor or benign prostate) was enriched for by microdissecting the tissue from 24-36 sequential 14 mm frozen sections mounted onto glass slides, using a scalpel blade. Every eighth slide of this sequence was stained by standard hematoxylin and eosin and marked by a pathologist to act as a guide slide, to increase the accuracy of the dissection and enrichment.
The frozen sections were dehydrated in an ethanol series, and those for RNA extraction were further processed by immersion in xylene for 5 min. Tissue for DNA extraction was scraped off the frozen sections directly into proteinase K lysis buffer (10 mM Tris pH 8.3, 50 mM KCl 2 , 1.5 mM MgCl 2 , 0.5% Tween 20, 100 mg/ml proteinase K) and then incubated overnight at 551C. DNA was cleaned by phenol : chloroform : isoamylalcohol (50 : 49 : 1) extraction and then purified through a Phaselock gel column (Brinkmann Eppendorf Westbury, NY, USA) before ethanol precipitation and resuspension in 1 Â TE pH 7.0. RNA extraction was performed using a Qiashredder kit (Qiagen Inc., Valencia, CA, USA) to homogenize the tissue and then by using an RNeasy RNA extraction kit (Qiagen Inc.). RNA was quantified on a spectrophotometer and its quality evaluated using RNA 6000 Pico LabChips and a Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) when possible. HCT116 cell line DNA was a gift from C Chen (UCSF Comprehensive Cancer Center).
Preparation of array targets The 16q contig has been previously described (Han et al., 2000) . Additional clones from around the WWOX locus (Paige et al., 2000) and from the RP11 BAC library were also added to the array. BAC, PAC and cosmid clones were obtained as agar stabs. A control set of 180 BAC clones from the RP11 library that map to 17 different chromosomes was also included on the array. In all, 220 ml of an overnight culture of each clone was used to inoculate 3 ml Luria broth containing an appropriate antibiotic. After incubation for 7 h at 371C with shaking at 220 r.p.m., DNA was extracted using the AutoGenprep 740 machine, following the manufacturer's protocol (AutoGen, Holliston, MA, USA). Approximately 80 ml of DNA was collected, containing 0.5-1 mg DNA. DNA quality and quantity was assessed by restriction endonuclease digestion of 16 ml of each DNA with HindIII followed by gel electrophoresis. In total, 1 ml of each DNA containing between 50 and 200 ng/ml was amplified by degenerate oligo primer (DOP) PCR in a 96-well format as previously described (Hodgson et al., 2001) . PCR reactions checked on 1% agarose gels typically showed DNA fragments sizes ranging from 0.2 to 5 kb. The concentration of DNA following PCR was 100-120 ng/ml. Products were ethanol precipitated, the pellets were rinsed with 70% ethanol and then resuspended overnight in 12 ml 20% DMSO.
Printing of arrays DNA was spotted at high density onto chromium-coated slides (Nanofilm, Westlake Village, CA, USA) using a custom DNA arraying device developed at the UCSF Comprehensive Cancer Center. Each clone was represented four times at two well-separated locations on the array.
Hybridization of arrays Prostate tumor DNA, normal female DNA (Sigma-Aldrich Corp., St Louis, MO, USA) or HCT116 cell line DNA was labeled as test DNA, and normal human male DNA (Sigma-Aldrich Corp., St Louis, MO, USA) was labeled as reference DNA by random priming using a BioPrime kit (Invitrogen, Carlsbad, CA, USA). Briefly, 10 ml 2.5 Â random primers (750 mg/ml) was mixed with 400 ng DNA brought to a total volume of 20.5 ml with H 2 O. The reaction was heated at 1001C for 10 min, then cooled on ice for 5 min. A dinucleotide mix (final concentration of 200 mM dTTP, 400 mM each dATP, dGTP, dCTP) was added to the DNA with Cy3-dUTP (test) or Cy5-dUTP (reference) to a final concentration of 80 mM (Amersham Biosciences, Piscataway, NJ, USA) and 40U Klenow (Invitrogen). After overnight incubation at 371C, unincorporated nucleotides were removed from the pooled reference and test labeling reactions using a Microspin G50 column (Amersham). The probes were then ethanol-precipitated with approximately 60 mg cot1 DNA (Roche Applied Science, Indianapolis, IL, USA). The precipitated pellet was resuspended in 50 ml hybridization buffer (50% formamide, 10% dextran sulfate, 4% SDS, 2 Â SSC pH 7.0) with 500 mg yeast tRNA before the probe was denatured at 741C for 10 min. The probe was allowed to preanneal at 371C for up to an hour before application to the array.
The array was incubated with 50 ml prehybridization solution (50% formamide, 10% dextran sulfate, 2 Â SSC pH 7.0, 4% SDS) for 20 min, which was then removed before the probe was applied. The arrays were hybridized for 40 h at 371C. Washing was as follows: 2 Â SSC 2 min, room temperature; 50% formamide 2 Â SSC 15 min 501C; 2 Â SSC/0.1% SDS, 20 min, 501C; PN buffer (0.1 M NaH 2 PO 4 , pH 8.0, 0.1% (w/v) NP40). The slides were briefly immersed in 2 Â SSC before mounting in glycerol containing 1 mg/ml DAPI, buffered in 10% PBS. Slides were left in the dark for at least 1 h before imaging.
Imaging and analysis We acquired 16-bit 1024 Â 1024 pixel DAPI, Cy3 and Cy5 images using a custom built CCD camera system (UCSF Comprehensive Cancer Center). We used 'UCSF SPOT' software (Jain et al., 2002) to automatically segment the spots and to calculate log 2 ratios of the total integrated Cy3 and Cy5 intensities for each spot. A ratio of Cy3 and Cy5 intensities, averaged for the quadruplicate spots, was obtained per clone. Clones were excluded for analysis if the standard deviation of the replicate spots exceeded 0.2 or if none or only a single spot had contributed to the mean of the replicate spots. Clone identities and relative positions were assigned to each spot using a custom program 'SPROC'. All data from 16q were normalized to the average log 2 ratio of the control set of clones mapping to the rest of the genome to enable detection of whole arm copy number change of 16q. Data from a particular BAC clone were excluded from further analysis if the average log 2 ratio of the clone across four normal male vs normal female hybridizations of the array 72 s.d. was 4 þ 0.3 or oÀ0.3. The threshold for significant gains or losses was calculated as four times the average standard deviation of the four normal vs normal hybridizations of the array. This was equal to 0.26.
Whole genome scanning array Details of CGH to a 2400 element whole genome array have been described elsewhere (Paris et al., 2003) .
Analysis of underlying sequence All genes and ESTs that lay in regions of loss were determined using Sept 2002 freeze of the human genome sequence at Ensembl (http://www.ensembl.org/Homo_sapiens/) and the June 2002 freeze at University of California Santa Cruz (http://genome.ucsc.edu/).
Expression array data mining Data were extracted from collected expression array experiments supplied by four different laboratories. The data for each array were log base 2 transformed and median centered as previously described (Rhodes et al., 2002) . Target elements were determined as belonging to 16q using Unigene build 157 and Netaffx software (Affymetrix Inc., Santa Clara, CA, USA). The mean expression ratios of the candidate genes were calculated across all the prostatic tumors analysed in each study.
Quantitative RT-PCR Primers and probes were designed for WWOX, WFDC1 and ICSBP1 using Primer Express (Applied Biosystems Foster City, CA, USA). 5 0 FAM/3 0 TAMRA probes were obtained from Integrated DNA Technologies (Coralville, IA, USA). Primers and probes for MAF, PLCG2, CDH13, NOC4, MVD, Q9H0B8, FOXF1 and FANCA were obtained as 'Assays on Demand' (Applied Biosystems). Reactions were optimized and run on ABI 7700 (Applied Biosystems). Expression was measured relative to two reference genes: glucoronidate synthase (GUS) and ribosomal subunit 18S. Data for a particular gene on a particular patient tumor/ benign pair that showed discordance in the tumor : benign expression ratio relative to GUS and 18S were not included in the analysis (13/139 tumor/benign pair expression ratios). The difference in expression between the sample and the reference gene GUS was calculated for tumor and benign tissue. Values are given as a proportion of GUS expression.
